An improved method for characterizing the magnetic anisotropy of films with cubic symmetry is described and is applied to an yttrium iron garnet (111) film. Analysis of the FMR spectra performed both in-plane and out-of-plane from 0.7 to 8 GHz yielded the magnetic anisotropy constants as well as the saturation magnetization. The field at which FMR is observed turns out to be quite sensitive to anisotropy constants (by more than a factor ten) in the low frequency (< 2 GHz) regime and when the orientation of the magnetic field is nearly normal to the sample plane; the restoring force on the magnetization arising from the magnetocrystalline anisotropy fields is then comparable to that from the external field, thereby allowing the anisotropy constants to be determined with greater accuracy. In this region, unusual dynamical behaviors are observed such as multiple resonances and a switching of FMR resonance with only a 1 degree change in field orientation at 0.7 GHz.
Introduction
Yttrium iron garnet (YIG, Y 3 Fe 5 O 12 ) is a well-known ferromagnetic insulator with extremely low magnetic damping that has been widely used in microwave devices, and its spin wave properties have been extensively studied for decades. [1, 2] Recently there have been important discoveries of spin-related phenomena such as spin pumping, [3, 4, 5] spin Seebeck effect, [6, 7] and spin Hall magnetoresistance [8, 9] in which YIG films played a central role. As an example, several authors have reported that the injection efficiency of a spin current from YIG to Pt is strongly enhanced at low resonant frequencies (  3 GHz) or low fields (  2 kG). [4, [10] [11] [12] [13] Thus it is important to have an accurate characterization of the magnetic response, in particular as it affects magnetization direction in YIG thin films; this is especially important at low frequencies and near-normal field orientations.
FMR is a powerful tool to probe the internal magnetic field of magnetic materials [14, 15] and has become a standard technique to provide information about magnetocrystalline anisotropy, as well as the uniaxial anisotropy that typically emerges in thin films. [16] Several authors have reported high-quality YIG thin films prepared by pulsed laser deposition, [17, 18, 19] sputter deposition, [20] or chemical vapor deposition [21] along with FMR characterization. They employed a conventional FMR setup involving a narrow band cavity resonator where one sweeps the magnetic field through the resonance at different orientations but at a fixed frequency (typically 9 GHz); the anisotropy constants are obtained by fitting the data to a theoretically predicted form. [18, 19, 21] The quantity 4πM is usually measured independently when obtaining the magnetic anisotropy constants. Since the required external field for the resonance is much higher than the anisotropy fields of YIG, the accuracy with which the anisotropy constants can be determined is limited.
In this paper, we present a new method to obtain the anisotropy constants of a YIG film with better accuracy by using a broadband FMR spectrometer in which resonant fields are measured not only as a function of the field orientation, as specified by both the polar angle,  , but also over frequencies that range from 0.7 GHz to 8 GHz. Our method has three advantages over those of angle-resolved FMR at fixed frequency [22, 23] : 1) the magnetization value can be directly extracted from the frequency-dependent FMR data without resorting to independent magnetometry measurements; 2) the azimuthal angle of the field orientation with respect to the crystal axis is determined as a part of the fitting process, thereby eliminating any error associated with aligning sample; 3) the resonant field change resulting from a shift in the anisotropy constant turns out to be strongly amplified at low frequencies (  2 GHz), by more than 10 times compared to that at 8 GHz. Furthermore, in this region we observe multiple resonances that can further enhance the accuracy. Finally, at a low frequency of 0.7
GHz it is observed that a 1 degree change in field orientation induces an abrupt switching phenomenon in the FMR resonance. All these behaviors follow from the Landau-Liftshitz theory as augmented by the inclusion of appropriate anisotropy energies. [24] Theoretical Background Figure 1 shows a schematic illustration of the coordinate system used for our (111) oriented epitaxial YIG film, where the film normal is taken as the z-axis and the polar angles 
Note that the cubic anisotropy energy terms each result in a three-fold symmetry in the azimuthal angle  M for a (111) oriented film, leading to different resonant fields when     as will be discussed below. We also note that the anisotropy terms contain higher order terms in  and  M thus producing higher order contributions in their second derivatives when 0  . Since the FMR frequency depends on the second derivatives, this term will play an important role in the angular dependence of the FMR response. For small , the second derivative of Zeeman term with respect to  M is comparable with those of MAE term and cancels out, leading to a soft mode, even when the external field H is much larger than internal fields arising from MAE; i.e., H A1  2K 1 / M  4Mk 1 

 and 
with the additional conditions of positive curvatures 
where  is the gyromagnetic ratio.
There are no general analytical solutions of Eq. 5 for the FMR frequency. A special case occurs when the field is applied normal to the film; i.e., where
the magnetization aligns with H   0) and the FMR frequency behaves linearly with the field strength:
Using Eq.'s (3) through (5) When necessary, the signal to noise could be enhanced by collecting data in a signal averaging mode with a programmable number of sweeps.
Results and Discussions
The resonant modes of the YIG film were measured by sweeping the magnetic field at seven different frequencies 0. 
Note the quantity 4πM of our sample is determined as soon as k u , k 1 , and k 2 are fixed. As previously mentioned, it is important to obtain the magnetization value without resorting to independent measurements using a magnetometer, which can result in as much as a 5~10% error in extracting the anisotropy constants. [19] One important feature that follows from Fig. 3 . is the asymmetry when    due to the three-fold symmetry of the free energy in  M . The asymmetric behavior of resonant fields is more pronounced as we lower frequency. In the inset, we show the data at some lower frequencies 0.7, 1, 1.6 GHz at near-normal angles to emphasize this asymmetric nature of the FMR spectra. This asymmetry in  improves the accuracy in fitting the data. In particular at 1 GHz, a sudden drop of resonant field from 1.878 kOe to 0.562 kOe is observed as  changes from 2  to 4  that is contrasted from the smooth behavior at the corresponding positive angles. Note that this behavior follows from the theory, as seen by the solid lines. We emphasize again that this abruptly changing behavior is only apparent in a low frequency regime,  1 GHz. For the case of 0.7 GHz, data are absent except for several small angles near zero because resonance fields are so low that domain dynamics prevail over uniform magnetization precession.
In order to investigate the sensitivity of the data to the fitted anisotropy constants, we computed the fractional change in the resonant field when k 1 is shifted by 5% from the bestfit value, k 1 (0) = -0.05040, GHz, the most sensitive orientation is    45 with the sensitivity ~ 0.2 %, but as frequency is lowered, the polar angle of the most sensitive orientation increases gradually. For 1.6 GHz, the sensitivity rises up to 3 % at  ; 6.8  , which is more than ten times larger than for 8 GHz, corresponding to an increase in resulting accuracy. This increase in the sensitivity at lower frequencies for near-normal orientations of external field is due to the fact that the second derivative of magnetocrystalline energy term with respect to M  is comparable to that of Zeeman energy. In addition, there is a sign change when passing through 0  ; this is related to the asymmetry mentioned above, which enhances the accuracy of the fitting. The sensitivity of the resonant field to a 5% deviation of  H is also computed in the same manner and is shown in the inset where the maximum of an ~ 2 % change occurs near   5.5 at 0.7 GHz. This degree of sensitivity allows for a pinpoint determination of the azimuthal angle of the field; precise alignment of experimental apparatus with crystal axis is not required, thereby avoiding the error associated with it.
The asymmetric feature due to MAE stands out best in the frequency vs field plot of FMR data together with theoretical curves for fixed angles, as shown in Fig  is comparable to that of MAE term in the free energy.
From this figure, we can clearly note the difference between branches with positive and negative polar angles. For a given angle, the positive branch bends downward more rapidly than the negative branch near H4 πM . At 1 GHz, for example, the resonant field is 1.729 kOe for 4     which is to be contrasted with 0.562 kOe for 4     . We can also easily understand the rapid drop in H res in the inset of Fig. 3 where we see the local minimum point is lifted up above 1 GHz as  decreases from 2  to 4  . It is noteworthy that for small , the soft mode feature has a local minimum which leads to multiple resonant fields for frequencies less than ~1.2 GHz. In this region, the FMR spectrum is very sensitive to either the frequency or the angle, an example being the curve for 2     denoted by a dotted blue line in multiple resonances observed at low frequencies (0.7 GHz and 1.0 GHz) boost the accuracy of data fitting process. In particular we observed an abrupt "switching-on" of a sharp resonance induced by a less than 1-degree change of the field angle, which can potentially have applications. 
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